Leaf rust, caused by Puccinia triticina, has become an important disease of durum wheat (Triticum turgidum subsp. durum) in Mexico and several other countries (28) . Severe leaf rust epidemics on susceptible durum wheat cultivars resulted in yield losses of up to 74% when infection occurred during an early phase of plant development (6) . The deployment of resistant cultivars is an efficient way to control the disease, and the use of molecular markers offers a powerful tool to identify leaf rust resistance genes in durum wheat and determine their chromosomal location (7, 8) . Publicly available linkage maps of common wheat (T. aestivum), such as the International Triticeae Mapping Initiative (ITMI) population (16, 18, 20, 21, 31) , can greatly assist in the identification of genes also present in durum wheat (7, 8) , because associated markers of unknown position in durum wheat can be mapped through the use of these common wheat populations, which are better defined compared with linkage maps of durum wheat. The ITMI linkage maps consist of more than 1,000 markers and are publicly available in GrainGenes (http://wheat.pw.usda.gov/GG2/ index.shtml).
Singh et al. (27) reported that only a few durum wheat cultivars from different countries were resistant to the Mexican P. triticina race BBG/BN. Although various studies on the genetic basis of leaf rust resistance in durum wheat have been conducted, the identification of effective resistance genes remains incomplete (9) , and it is not clear whether the resistance is conferred by previously known Lr genes or uncharacterized genes. This information is important for the effective deployment of resistance sources and for the development of resistant cultivars. Of the known leaf rust resistance genes, Lr3 (7), Lr10 (1), Lr14a (8) , and Lr23 (19) were confirmed to be present in durum wheat. Genes Lr3 and Lr14a are effective against P. triticina race BBG/BN as well as against races with similar avirulence and virulence patterns prevailing in several other durum wheatproducing countries (23) . Virulence to Lr10 and Lr23 is frequent among P. triticina races collected from durum wheat (10, 23) . In addition to these known genes, Lr53, which is effective against several South African and Canadian P. triticina races, was recently transferred from T. turgidum subsp. dicoccoides to common wheat by Marais et al. (15) . Hussein et al. (11) identified the chromosomal location of two novel adult-plant resistance genes, Lrac124 from durum wheat and Lrac104 from emmer wheat (T. turgidum subsp. dicoccum), on 4A and 6B, respectively, which are effective against several South African P. triticina races. The effectiveness of the genes identified by Marais et al. (15) and Hussein et al. (11) to P. triticina durum wheat races predominant in other countries needs further investigation. In addition, Herrera-Foessel et al. (7) identified an effective resistance gene, transferred to International Maize and Wheat Improvement Center (CIMMYT) durum germplasm from an Ethiopian landrace that is very closely linked in repulsion to Lr3 on chromosome 6BL and present in the CIMMYT durum wheat line 'Camayo.' Herrera-Foessel et al. (9) identified a partially dominant leaf rust resistance gene in the Chilean cv. Guayacan INIA (24) and in the CIMMYT breeding line Guayacan 2, which is a sister line with common pedigree 'Altar 84/Stint/Silver_45.' Presence of this gene is associated with immunity (or rare moderately resistant pustules) in the field to P. triticina race BBG/BN, and an infection type response of ';1' or 'X' in seedlings and ';1' in adult plants in greenhouse tests (9) . Herrera-Foessel et al. (9) developed and evaluated about 200 F 2 plants and 98 individual F 2 -derived F 3 progenies from crosses of susceptible Mexican cv. Atil C2000 with resistant parents Guayacan INIA and Guayacan 2. F 2 populations from the intercross between the two resistant parents were also studied using the allelism test to confirm that the two sister lines were carrying the same leaf rust resistance gene.
The objective of this research was to identify the chromosomal location of the leaf rust resistance gene present in the Chilean durum wheat cv. Guayacan INIA and in the CIMMYT breeding line Guayacan 2.
MATERIALS AND METHODS
Plant materials and leaf rust evaluations. The 98 F 3 Atil C2000 × Guayacan INIA families were used in the present ABSTRACT Herrera-Foessel, S. A., Singh, R. P., Huerta-Espino, J., William (3, 15) . Both of these genes were in a common wheat background, Lr36 in a Manitou spring wheat (developed at the University of Saskatchewan, Saskatoon, Canada, tester E84018) (3) and Lr53 in a Chinese Spring background (tester 98M71) (14) . The susceptible durum wheat parent Atil C2000 and the susceptible common wheat Thatcher were also included. Four P. triticina races, BBG/BN (MEX01.13), BBB/BN (MEX91.7B), NCJ/BN (MEX94.307A), and MCJ/SP (MEX94.1A), were used in the experiment. Race BBB/BN was predominant in Mexican durum wheat fields before the establishment of BBG/BN in 2001 (28) . Races NCJ/BN and MCJ/SP (26, 33) were originally collected from Mexican common wheat fields. The nomenclature used for P. triticina races is based on Long and Kolmer (13) , with some modifications (26 Lr1, 2a, 2b, 2c, 3a, 3bg, 3ka, 9, 11, 13, 14a, 15, 16, 17, 18, 19, 21, 24, 25, 26, 27+31, 29, 30, 32, 33, 36/10, 14b, 20, 23, 28;  LCJ/BN: Lr2a,2b,2c,3a,3bg,3ka, 9,13,l5,16,18,19,21, 24,25,27+31,29,30,32,33,36/1,10,11,14a,14b, 17,20,23,26,28; MCJ/SP: Lr2a,2b,2c,3ka, 9,16,19,21,24,25,28,29,30, 32,33,36/1,3a,3bg,10,11,12,13,14a,14b,15, 17,18,20,23,26,27+31 .
Three pots per genotype with eight seedlings (two-leaf stage) per pot were inoculated with each race. Plants were tested at low, intermediate, and high post-inoculation regimes with minimum and maximum temperatures of 12 to 21, 16 to 28, and 22 to 42°C, respectively. Infection type responses were recorded 11 days after inoculation according to the 0-to-4 scale described by Roelfs et al. (25) .
DNA extraction and bulked segregant analysis. Twenty plants from each F 3 family of the Atil C2000 × Guayacan INIA population were grown in the greenhouse together with the parents. After 3 weeks, plants were harvested and leaf tissue lyophilized. The DNA extraction was carried out according to a cetyltrimethylammonium bromide (CTAB) procedure described in CIMMYT protocols (2) . Molecular markers putatively linked to the resistance gene were identified by the bulked segregant analysis (BSA) approach described by Michelmore et al. (17) . Equal amounts of DNA from 14 homozygous resistant families were pooled, and the same was done with 14 homozygous susceptible families. The resistant and susceptible bulks and DNA from the parents were screened for amplified fragment length polymorphisms (AFLPs). Once a polymorphism was identified, the same primer combination was used to screen each of the 28 families (14 homozygous resistant and 14 homozygous susceptible) separately. Only those polymorphisms associated with the resistance gene were then used for screening the entire population from the Atil C2000 × Guayacan INIA cross.
AFLP marker analysis. The AFLP technique was used according to Vos et al. (32) with some modifications (2). The DNA was digested with the two restriction enzymes, PstI and MseI. Double-stranded PstI and MseI adaptors were ligated to the restriction sites. A preamplification step was conducted using adaptor and restriction site-specific primers with an additional single nucleotide in the DNA fragment. The selective amplification step was then used with primers having the same sequence as the preamplification primers with two additional nucleotides. In total, 96 primer combinations of PstI/MseI were used in the AFLP analysis. The AFLP bands were designated according to the nomenclature described by Herrera-Foessel et al. (7) . Two primer combination sets were used. The first set of 48 primer combinations for the main amplification step consisted of four PstI+NNN primers, (P33, P36, P37, and P41) that were used together with 12 (2) . In this detection procedure, the PstI primers used in the main amplification step as well as the size marker were end labeled with digoxigenin (Sigma-Genosys Ltd., UK). The amplification fragments were visualized on X-ray films and consisted of approximately 50 bands per primer combination.
Linkage and statistical analysis. The AFLP bands that were associated with the leaf rust resistance gene in the Atil C2000 × Guayacan INIA population were mapped using two common wheat populations, the ITMI population ('Opata M85' × 'Synthetic W-7984' = 'Altar C84'/T. taushii CI 18 = WPI 219) described by Nelson et al. (21) and the 'Oligoculm' × 'Fukuho-komugi' population developed by Suenaga et al. (30) . The ITMI population consists of 114 recombinant inbred lines (RILs), and publicly available segregation scores of more than 800 markers were used for the linkage analysis (http://wheat.pw.usda.gov/ GG2/index.shtml). The Oligoculm × Fukuho-komugi population comprises 107 double haploids, and the linkage maps consisted of approximately 600 markers (30) . Naturally, only those AFLP markers that were polymorphic in the common wheat parents could be mapped. MAP-MAKER version 3.0 at minimum 3.0 log of odds (LOD) score (12) was used for the linkage analyses. The χ 2 test for goodnessof-fit was used to compare observed ratios of all markers in each population with expected ratios.
Simple sequence repeat analysis. When the chromosomal location of the AFLP markers associated with the leaf rust resistance gene was established to chromosome 6BS, several simple sequence repeat (SSR) markers (Xbarc76, Xbarc146, Xwmc104, Xwmc105, xwmc179, Xwmc182, Xwmc397, Xwmc398, Xwmc419, Xwmc473, Xwmc486, Xwmc487, Xwmc494, Xwmc737, Xgwm70, Xgwm88, Xgwm132, Xgwm191, Xgwm193, Xgwm361, Xgwm508, Xgwm518, Xgwm613, and Xgwm644), located on the short arm or centromeric region of the same chromosome according to Somers et al. (29) , were tested on the durum parents Atil C2000 and Guayacan INIA. The two parents of the ITMI population were also included because they are known to be polymorphic for many of the SSR markers, and the estimated allele sizes of the ITMI parents are available from the GrainGenes database. When an SSR marker was polymorphic in the durum parents, the same marker was screened in 14 homozygous resistant and 14 homozygous susceptible families from the Atil C2000 × Guayacan INIA F 3 population to determine whether it was associated with the leaf rust resistance gene. If association was found, the marker was screened in the entire durum population. The amplification reaction was performed according to published protocols (2) , and the polymerase chain reaction (PCR) program used depended on the optimal annealing temperature for each primer. The PCR products were separated on 3% agarose gels with two parts of SeaKem to three parts of MetaPhor agarose and, depending on the polymorphisms observed for each marker, 8% acrylamide (29:1) gels were also used. The amplification product was visualized on agarose gels with ethidium bromide or with silver staining for acrylamide gels (2) .
RESULTS AND DISCUSSION
Characterization of leaf rust resistance in the durum wheat mapping population. In the greenhouse, Atil C2000 displayed an infection type response of '3+' and Guayacan INIA ';1', with the exception of one plant that had 'X-'. The F 3 families of Atil C2000 × Guayacan INIA were either susceptible, resistant, or segregating. Most resistant plants in the population had infection type ';1' but plants with '1' or '1-' were also found, and occasional plants displayed 'X-' and 'X' reactions. Phenotypic distribution of the 98 F 3 families based on seedling tests was in accordance with earlier results from the field evaluation (9), except for 11 families. Of these 11 families, 10 were classified as segregating in the field evaluation; however, in the greenhouse test, only susceptible plants were found in each family and, therefore, the 10 families were reclassified as homozygous susceptible. One family classified as homozygous resistant in the field segregated in the greenhouse study and was reclassified as segregating. The number of homozygous resistant, homozygous susceptible, and segregating families based on the greenhouse evaluations were 32, 21, and 45, respectively. Herrera-Foessel et al. (9) earlier reported a P value of 0.02 in the χ 2 test when testing for a single-gene-based resistance using results from the field evaluations. The reclassification of these families based on the greenhouse test gave a better P value of 0.19 for the expected distribution for a single gene. Misclassification in the field evaluation could have been due to late development of some segregating families, resulting in uneven disease ratings, or to the presence of slow-rusting resistance genes in the resistant parent that could have resulted in lower severities of some plants, giving the impression that the family was segregating.
Molecular mapping of the resistance gene. The BSA approach led to the identification of three AFLP markers associated with the leaf rust resistance gene present in the Atil C2000 × Guayacan INIA population (Fig. 1) . The AFLP markers located nearest to the gene were P81/M70 269 and P87/M75 131 at a distance of 2.2 centimorgans (cM). The third AFLP marker, P87/M76 149 , was associated with the leaf rust resistance gene at a distance of 6.8 cM. All three markers were linked in coupling with the leaf rust resistance gene and present in Guayacan INIA but absent in Atil C2000. The observed ratios of the three AFLP markers were in accordance with the 3:1 ratio expected in the χ 2 tests (P = 0.24 to 0.41). Presence of bands for each of the three AFLP markers and reaction category of F 3 lines in the Atil C2000 × Guayacan INIA population are given in Table 1 .
When these AFLP markers were tested in Opata M85, Synthetic W-7984, Oligoculm, and Fukuho-komugi (parents of the common wheat reference populations), only two of the three identified AFLP markers showed polymorphism. The AFLP marker P87/M76 149 was polymorphic in Opata M85 and Synthetic W-7984 and, therefore, screened in the 114 RILs of the ITMI population. Linkage mapping with the segregation scores of P87/M76 149 together with genotypic data of more than 800 markers determined the location of these markers to chromosome 6BS. A small linkage group was obtained at the very end of the short arm (Fig. 2) . The segregation of P87/M76 149 was in accordance with the expected ratio of 1:1 (P = 0.26) in the ITMI population and located at a distance of 7.7 cM from the nearest positioned marker, the restriction fragment length polymorphism (RFLP) marker Xbcd342-6B, at 10.3 cM from the SSR marker Xgwm613-6B, and at 14.4 cM from another RFLP marker, Xcdo476-6B. The AFLP marker P81/M70 269 was polymorphic in Oligoculm and Fukuho-komugi parents of the second common wheat reference population. The segregation of P81/M70 269 in the Oligoculm × Fukuhokomugi population conformed to the expected ratio of 1:1 in the χ 2 test (P = 0.73). The linkage analysis of P81/M70 269 in the Oligoculm × Fukuho-komugi population using genotypic data of more than 600 markers also determined the chromosomal location to the short arm of the same chromosome, 6BS (Fig. 3) . This marker was closely associated, at 2.1 cM, with the RFLP marker XksuG8. The remaining markers in this rather large linkage group were positioned at distances of more than 12.6 cM from P81/M70 269 . Hence, using two different common wheat linkage maps, we determined the chromosomal position of the leaf rust resistance gene in Guayacan INIA to the distal end of chromosome arm 6BS.
An attempt was made to find association of SSR markers located on the short arm or near the centromere of this chromosome with the leaf rust resistance gene in Guayacan INIA. Of the 24 SSR markers tested on the two parents Atil C2000 and Guayacan INIA, eight (Xbarc146, Xwmc104, Xwmc419, Xwmc179, Xwmc487, Xgwm88, Xgwm191, and Xgwm193) were polymorphic (i.e., 33% of the SSR markers). However, only one of these markers, Xwmc487, succeeded in establishing an association with the leaf rust resistance gene. The segregation of this co-dominant marker, Xwmc487, in the durum population conformed to the expected ratio of 1:2:1 (P = 0.83); however, it was located at a rather large distance (28.5 cM) from the Guayacan INIA leaf rust resistance gene (Fig. 1) .
Comparison of infection types displayed by common wheat tester lines with resistance genes located on chromosome arm 6BS. The infection type responses of the two sister lines Guayacan INIA and Guayacan 2 were similar across different races and temperatures ( (15) . The common wheat line carrying Lr36, a gene originally transferred from T. speltoides (3), also showed intermediate infection type responses but a characterizing feature of this line was that, across the four races, the infection type responses became lower with higher temperature (i.e., plants became more resistant at higher temperatures). This tendency was not observed with the resistance gene present in the two durum wheat lines.
Hart et al. (5) described the location of several genes in wheat, including Lr36 on the short arm of chromosome 6B; however, the association of these genes with other markers in the same chromosome was not provided. In the genetic map of group 6 developed by Erayman et al. (4) that shows (27) , where '0' = no uredinia or other macroscopic signs of infection; ';' = no uredinia, but hypersensitive necrotic or chlorotic flecks of varying sizes present; '1' = small uredinia surrounded by necrosis; '2' = small to medium uredinia surrounded by green islands; 'X' = random distribution of variable-sized uredinia on a single leaf with a pure culture; '3' and '4' = medium and large uredinia, respectively, without chlorosis or necrosis; '+' and '-or =' = uredinia somewhat larger and smaller, respectively, than normal for infection-type; and 'C' = more chlorosis than normal for the infection-type. More than one designation represents a range of infection types. distribution of genes and recombination distances on wheat chromosomes, Lr36 is located more than 20 cM proximal to the centromere compared with the RFLP markers XksuG8 (Fig. 3) , Xbcd342-6B, and Xcdo476 (Fig. 2) The original source of the leaf rust resistance gene in the sister lines Guayacan INIA and Guayacan 2 is unknown. The gene could have originated from either of two durum wheats, Stint or Silvertail_45, because Altar C84 is susceptible to race BBG/BN. For its further use in agriculture, we recommend this gene to be pyramided with other effective Lr genes. As also pointed out by Nocente et al. (22) , the pyramiding of resistance genes in new cultivars can only be regarded to be effective against the pathogen if virulence frequencies for the combined genes are very low. Virulence to Lr61 gene is so far not known.
